Background: Clinicians have difficulty accurately assessing medication non-adherence within chronic disease care settings. Health information technology (HIT) could offer novel tools to assess medication adherence in diverse populations outside of usual health care settings. In a multilingual urban safety net population, we examined the validity of assessing adherence using automated telephone self-management (ATSM) queries, when compared with non-adherence using continuous medication gap (CMG) on pharmacy claims. We hypothesized that patients reporting greater days of missed pills to ATSM queries would have higher rates of non-adherence as measured by CMG, and that ATSM adherence assessments would perform as well as structured interview assessments.
Background
Suboptimal adherence to hypoglycemic, anti-hypertensive, and lipid-lowering medications contributes to suboptimal cardiometabolic control and poor clinical outcomes [1] [2] [3] [4] . Patients with limited health literacy (LHL) and limited English proficiency (LEP) experience communication barriers that may increase their risk for suboptimal adherence and contribute to known disparities in diabetes care and health outcomes [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Medication adherence can be enhanced by improving patient-centered prescribing and intervening upon barriers to intentional and unintentional non-adherence [16, 17] . However, this improvement process requires that clinicians and care teams elicit patients' goals, beliefs and concerns to identify motivations and reduce barriers to taking medications [16, [18] [19] [20] . Unfortunately, clinicians are often unable to identify nonadherence in their patients [2, 3, [21] [22] [23] [24] [25] [26] [27] [28] . Moreover, clinicians face time constraints and competing demands that reduce their ability to engage their patients effectively during visits, particularly in resource-challenged safety net settings that serve vulnerable patients [29] [30] [31] .
Health information technology (HIT) offers innovative ways to engage linguistically diverse populations outside of usual medical care settings [32] [33] [34] [35] . The Institute of Medicine highlighted automated telephone self-management (ATSM) as an innovative HIT strategy to enhance health outcomes for patients with chronic disease and LHL [36] . We previously demonstrated that culturally and linguistically tailored diabetes ATSM is a cost-effective strategy to improve self-care and functional outcomes with high acceptability and engagement in a safety net population [37] [38] [39] [40] .
Our aim in this study was to evaluate the accuracy of ATSM in assessing chronic diabetes medication adherence within a vulnerable safety net population. Systematic reviews have highlighted the challenges of assessing medication adherence, with particular concern about social desirability bias with self-reported measures [41] . Thus, it is important to evaluate the performance of HIT tools for assessing adherence, compared to that of more objective measures. Validating adherence assessments against cardiometabolic control, such as hemoglobin A1c and blood pressure, may yield inconsistent results because of many factors that affect these outcomes [41] . Prescription refill data offers one common standard against which to assess the convergent validity of self-reported adherence. Continuous medication gap (CMG) is an objective measure of adherence that uses pharmacy dispensings to measure gaps in patients' available supply of medications [42, 43] . In a recent a cross-sectional study of English-, Spanish-, and Cantonese-speaking urban health plan members with diabetes, 63% had a calculable CMG, and suboptimal adherence by CMG occurred more frequently among members with poor cardiometabolic control than among members with optimal control (28% vs. 12%, p = 0.02) [40] .
Using CMG as a standard, we conducted this study to investigate the validity of language-concordant ATSM queries to assess patient-reported medication adherence in a diverse low-income population with diabetes. We hypothesized that patients reporting greater days of missed pills to ATSM queries would have higher rates of non-adherence as measured by CMG. As a comparison to a standard clinical and research method for assessing adherence, we also investigated the relationship between missed pills reported during a computer-assisted structured interview and CMG, hypothesizing that ATSM would perform as well as an interview.
Methods
This cross-sectional analysis uses data from the SMART-Steps Program (Pasos Positivos / 明智進步計劃), a quasiexperimental study of a self-management HIT intervention for San Francisco Health Plan (SFHP) members with diabetes (April 2009 -March 2011) [44, 45] . For this analysis, we included all SMARTSteps participants regardless of their originally assigned intervention arm. We previously published the full description of the SMARTSteps protocol, including the recruitment and randomization flowchart and data collection methods [44, 45] .
Study setting
SFHP (http://www.sfhp.org/) is a non-profit, governmentsponsored managed care plan for low-income San Francisco residents. SFHP administers both Medicaid and "Healthy Workers," an insurance program for in-home support service providers for elderly or disabled people in San Francisco. Members of these plans comprise a large proportion of patients served by the San Francisco Department of Public Health (SFDPH) healthcare system. SMARTSteps eligibility criteria included: English-, Cantonese-, or Spanish-speaking adults (age ≥ 18) with diabetes and ≥ 1 primary care visit in the preceding 24 months to one of four SFDPH clinics. Members who were pregnant, lacked a touch-tone phone, reported plans to leave the region, or were unable to provide verbal consent were ineligible. We identified diabetes patients through the SFDPH diabetes registry or those with evidence of SFHP claims related to diabetes, followed by confirmation in the SFDPH electronic health record (clinician-documented diagnosis of diabetes, fasting glucose ≥126 mg/dl, or hemoglobin A1c ≥ 7%) [46] . We excluded SFHP members who denied having diabetes during recruitment calls.
Ethics, consent and permissions
The Committee on Human Research at the University of California, San Francisco (10-04689 and 13-10,752) approved verbal consent for the collection of interview data by UCSF, which they deemed minimal risk [44, 45] . All program recruitment was conducted by SFHP by phone, and so a separate visit to obtain written consent at UCSF or the primary care clinics risked reducing participation and increasing selection bias.
Data sources
SFHP conducted all recruitment into the SMARTSteps program through mailed post cards and scripted outreach calls. SFHP enrollment workers confirmed eligibility by phone, offered $25 gift card incentives to participate in the program, and assessed willingness to complete evaluation interviews administered by UCSF bilingual research assistants.
After obtaining verbal consent, bilingual research assistants conducted structured, computer-assisted telephone interviews within 2 weeks of participant enrollment (see Additional file 1 "SMARTSteps Baseline Questionnaire"). The instrumentstranslated in Spanish and Cantonese and then back-translated into Englishasked participants to report educational attainment, employment status, and annual household income. Research assistants also screened participants for English proficiency and health literacy with items validated for this population [47] [48] [49] . Participants received a $50 gift card.
UCSF researchers had permission from SFHP and SFDPH, respectively, to collect SFHP administrative data (age, gender, race/ethnicity, language, financial class / insurance type, and pharmacy claims) and SFDPH clinical registry data (hemoglobin A1c, systolic blood pressure, diastolic blood pressure, and low-density lipoprotein) obtained through routine care.
Patient-reported medication adherence assessments
Self-reported adherence to cardiometabolic medications was assessed in two ways: automated telephone selfmanagement queries and patient interview by a research assistant. The wording of the assessment questions for both methodsderived from the Summary of Diabetes Self-Care Activities measurehas evidence of predictive validity for health outcomes in chronic medical conditions [50, 51] .
Automated telephone self-management (ATSM) queries (see Additional files 2 and 3: "SMARTSteps WEEK 5" and "SMARTSteps WEEK 6"): Tailored for literacy, language, and culture with extensive patient input [37] , the ATSM system provided 8-12 min weekly calls for 27 weeks in English, Cantonese, or Spanish. Calls asked participants rotating sets of queries about diabetes medication adherence and self-care, psychosocial issues, and access to preventive services. Based on the responses entered on the touchtone keypad, participants heard different health education messages containing narratives. "Out-of-range" responses triggered callbacks within 3 days from a language-concordant SFHP lay health coaches, who engaged in collaborative goal-setting to form patient-centered action plans. Health coachessupervised by an SFHP registered nurse care managerdocumented their phone encounter content in the SFHP care management database system and transmitted the content to primary care clinics by email, fax, and phone for actionable concerns.
Each of the 27 weeks included a medication adherence question, rotating weekly to focus on a particular therapeutic indication important to risk reduction in diabetes [1] [2] [3] [4] : "In the last 7 days, how many days did you MISS taking your …" "… diabetes medications, even just one pill or shot?" "… blood pressure pills, even just one pill?" "… cholesterol medications, even just one pill?"
Participants typed their response (0 to 7) on a telephone keypad. Patients' responses were based on their understanding of the reasons for taking their medications. All participants answered the same query in a given week, regardless of whether they were prescribed any medication or more than one medication for a given indication.
To enhance disclosure, all questions were preceded by a normalizing statement: [41] "For most people, taking all of their medications every day can be hard. Now we want to ask you about the medications you are taking and how often you take them."
For this analysis, we included the first completed ATSM response for each therapeutic indication, hypothesizing that the health coaching intervention could have affected responses over time. In sensitivity analyses, to explore potential change in the performance of ATSM during the 27-week intervention, we found that results for the last completed ATSM response were similar to the findings from the first completed ATSM response.
Patient interview questions: During the baseline SMARTSteps interview, bilingual research assistants asked all participants who reported having been prescribed or asked by a member of participants' diabetes health care team to take a diabetes, blood pressure, or cholesterol pill: "In the last 7 days, how many days did you MISS even one …" "… diabetes pill?" "… blood pressure pill?" "… cholesterol pill?"
Participants could choose a response between 0 and 7 days. Patients' responses were based on their understanding of the reasons for taking their medications, and patients were asked the same questions regardless of whether they were prescribed more than one medication for a given indication. To enhance disclosure, questions were preceded with a normalizing statement [41] : "Many people miss taking their medication sometimes, so it's okay if you tell me you don't always take all of your medications."
Continuous medication gap (CMG)
CMG is a well-established measure of secondary adherence for ongoing medications using pharmacy data [42, 43] . The validity of the CMG requires that patients obtain all prescriptions within the insurance system from which claims are drawn and have continuous prescription benefits throughout a defined observation period [42, 43, 52] . CMG is calculated if a patient fills a medication at least 2 times during the capture period. This implies that the patient completed at least one "refill interval," the time between two fills. CMG estimates the proportion of days without sufficient medication supply within each refill interval and then sums those for all refill intervals within the measurement period.
In this analysis, we measured CMG for SMARTSteps participants with active pharmacy benefits in the 12 months preceding the medication adherence assessments (ATSM query and patient interview separately). CMG was calculable if the participant had claims for the relevant therapeutic indication (at least 1 oral diabetes, hypertension, or hyperlipidemia medication) and at least two fills during the 12-month CMG measurement period. CMG can be inaccurate if it doesn't account for medication stockpiling, and so we used a modified approach with a time-forward algorithm so that extra pills remaining would not negate medication supply gaps during previous refill intervals but would be included as part of the future medication supply [52] .
CMG was not calculable for dually eligible Medicaid/ Medicare beneficiaries, whose alternative pharmacy benefit coverage prohibits complete ascertainment of pharmacy claims. CMG is also not calculable for insulin because pharmacy utilization data does not provide insulin fixed days supply based on prescribed dosing [3, 53] . Although questions about insulin adherence were included in the ATSM queries and patient interview, we excluded these from this analysis.
For each subject, we calculated CMG separately by indication (i.e., CMG for all oral diabetes medications, CMG for all anti-hypertensive medications, and CMG for all hyperlipidemia medications). Using a previously validated classification, we considered patients as having optimal adherence when medications were available for 80% or more of the time (CMG ≤ 20%) and suboptimal adherence when patients lacked a medication supply > 20% of the observation time (CMG > 20%) [4, 42, 43] .
Analysis
For each patient-reported adherence assessment method, separately for each therapeutic indication, we categorized responses into three groups based on the distribution of participant responses: 0 days of missed pill, 1 day of missed pill, or 2-7 days of missed pill.
For participants with responses in each of these categories, we first determined whether CMG was calculable, since less adherent patients have fewer fills and are less likely to have a calculable CMG.
To evaluate the convergent validity of each patientreported adherence assessment method for each therapeutic indication, we used Fisher's exact tests to compare the prevalence of optimal adherence (CMG ≤ 20%) vs. suboptimal adherence (CMG > 20%) across the 3 categories of participant responses: 0 vs. 1 vs. 2-7 days of missed pills.
To investigate differences in suboptimal adherence disclosure between assessment methods, we explored the proportion of participants who disclosed non-adherence via ATSM query, patient interview, or both. Comparisons were made by therapeutic indication and limited to first completed ATSM adherence responses occurring within 30 days of the patient interview, to maximize sample size while minimizing potential variation in actual adherence behaviors between measurements.
Results
Among 362 eligible SFHP members randomized to participate in SMARTSteps, 210 completed a baseline interview, had pharmacy benefits within the 12 months before the adherence assessment, and had sufficient fills of at least one cardiometabolic medication. Table 1 describes sociodemographic and medical characteristics of these participants. Patients averaged 56 years in age, and 75% were women. Sixty-four percent were Asian / Pacific Islander, 12% were Latino, and only 24% had their assessments in English (57% in Cantonese and 19% in Spanish). Just under half of members (46%) had limited health literacy, and 63% reported annual household incomes of less than $20,000. The average duration of diabetes was 7. 1 years (SD 5.5), with 26% of members having hemoglobin A1c > 8.0% and 21% receiving insulin. Table 2 shows the rates of optimal adherence (CMG ≤ 20%), separately across therapeutic indications for those participating in the ATSM calls and the interview. The prevalence of optimal adherence among respondents varied by indication: 83% for diabetic pills, 91% for blood pressure pills, and 85-87% for cholesterol pills.
Among ATSM respondents, 75 respondents (33.2%) for diabetes, 19 (19.3%) for blood pressure, and 55 (36.4%) for cholesterol reported at least 1 missed pill day. Figure 1 shows the proportions of ATSM query respondents who had optimal adherence, suboptimal adherence, or noncalculable continuous medication gap for each therapeutic indication (diabetes pill n = 226, blood pressure pill n = 140, cholesterol pill n = 151). The charts show that prevalence rates of optimal adherence were lower for ATSM respondents who reported more missed days, with significant differences across response categories for blood pressure (p = 0.02) and cholesterol (p < 0.01) but not for diabetes (p = 0.19).
Among interview respondents, 64 respondents (28.2%) for diabetes, 34 (20.7%) for blood pressure, and 49 (26. 1%) for cholesterol reported at least 1 missed pill day. Figure 2 shows the proportions of interview respondents who had optimal adherence, suboptimal adherence, or non-calculable continuous medication gap for each therapeutic indication (diabetes pill n = 227, blood pressure pill n = 164, cholesterol pill n = 188). The adherence prevalence rates across interview response categories were significant different for cholesterol (p = 0.01), but not for diabetes (p = 0.11) or blood pressure (0.49).
We analyzed a small sample of patients who answered both questions on the ATSM system and the interview within a 30-day timeframe ( Table 3) . No consistent pattern suggested missed days were disclosed more often by ATSM vs. interview.
Discussion
In a diverse low-income LHL and LEP population with diabetes, ATSM assessment of self-reported adherence performed as well as, if not better than, interview by a research analyst. This suggests that language-concordant ATSM offers a potential methodology to assess medication adherence asynchronously as an adjunct to usual clinical care, as a health surveillance tool to assist in population health outreach, and as a research tool when working with linguistically diverse safety net populations.
Patient self-report is the most common method used in research and clinical care for assessing medication nonadherence. The National Institutes of Health Adherence Network reviewed current research on the validity of selfreport measures, concluding that they tend to overestimate adherence compared with other measures and have weak sensitivity, but high specificity [41] . However, the review panel still endorsed self-report measures as the "most practical method" for assessing adherence in clinical care due to their "low-cost, noninvasiveness, minimal patient burden, ease of administration, and flexibility in timing and mode of administration" [41] .
ATSM offers several advantages for assessing selfreported adherence. First, ATSM is available outside the context of usual medical care at a time and location convenient to patients, with high engagement rates across patients with different chronic medical conditions [45, 54] . This can facilitate panel management by care management teams, targeted outreach to high risk patients, and more effective and efficient future visits with prescribing clinicians. Second, it allows the systematic delivery of content tailored to the language and literacy of a safety net population [37, 38] . A large survey of diverse public hospital patients found that LHL patients and Spanishspeaking Hispanics particularly preferred telephonic delivery of self-management support, compared with group visits or internet-based programs [55] . Third, like computer-assisted structured interviews, ATSM may help minimize social desirability bias and facilitate disclosure of suboptimal adherence [41] . Overall, the SMARTSteps ATSM queries met several of this NIH Adherence Network panel's recommendations for improving the validity of self-report measures, including the use of: previously validated questions, technology rather than face-to-face collection to reduced social desirability bias, introductory normalizing statements, and specific recall periods [41] . Fig. 1 Proportions of automated telephone self-management (ATSM) query respondents who had optimal adherence, suboptimal adherence, or non-calculable continuous medication gap. * p-value is for the comparison between optimal and suboptimal adherence However, ATSM and other HIT-facilitated adherence assessment tools remain imperfect and insufficient without complementary strategies for assessing adherence [56, 57] . In our study, some patients with suboptimal adherence by CMG disclosed missed medication days on ATSM, some disclosed during an interview, and some did not disclose at all. Some differences may relate to differences in the adherence assessment time frames, with ATSM and interview using a 7-day recall and CMG using a 1-year capture period. In addition, participants' responses to ATSM and interview questions were based on their own understanding of the reasons for taking medications, rather than a pharmacologic indication, and so mismatch (e.g., a patient considering their "benazepril" to be a "diabetes pill") may partially explain these differences. However, some differences may relate to comfort disclosing non-adherence via different modalities. Fig. 2 Proportions of interview respondents who had optimal adherence, suboptimal adherence, or non-calculable continuous medication gap. * p-value is for the comparison between optimal and suboptimal adherence This comfort may be affected by a patient's expectations for the response that may follow disclosure and a patient's trust in their providers, health care teams, and health system to use this disclosure to improve their treatment plan [7, 25] . In the SMARTSteps intervention, ATSM was not solely used for adherence assessment but embedded within a larger intervention to provide self-management support through recorded narratives and health coaching follow-up calls. As such, we designed the health coaching scripts to capture and address participants' broader concerns and beliefs about the necessity of medications [16, 44] . Thus, HIT-facilitated adherence assessments are only one tool among the necessary resources for engaging patients about their medication-taking behaviors and beliefs.
The limitations of the study should be noted. First, the timeframes for assessing adherence in the selfreport questions (7 days) differed from the capture period for CMG (1 year). A short recall period for eliciting self-reported adherence is recommended by adherence experts because it facilitates disclosure and minimizes recall bias, particularly among older patients with memory difficulties [41] . However, health care professionals are usually interested in patients' medication-taking behaviors over a longer period than 7 days, and so our analysis remains useful for evaluating these ATSM queries' utility for clinical practice. Second, CMG was not calculable among some participants, particularly among those with higher numbers of self-reported missed days. Our statistical comparison of optimal and suboptimal adherence is likely conservative, since most participants without a calculable CMG would have had suboptimal adherence because they lacked adequate numbers of pharmacy dispensings to calculate CMG. Third, we lacked prescribing data by participants' clinicians, which could have led to overestimates of adherence (for those with primary non-adherence who never got medications filled) or underestimates of adherence (for those whose medications were discontinued by prescribing providers during the CMG capture period). Fourth, we did not specifically assess patients' perceptions of the acceptability of ATSM adherence assessment, although we have previously found high engagement with ATSM overall in this population [37] [38] [39] [40] . Fifth, our findings are affected by selection bias and may have limited generalizability to other populations. Finally, although we did not pursue subgroup analyses due to concerns about power to detect meaningful differences, future studies should investigate how HIT-facilitated, language-concordant adherence assessments perform across race/ethnicity, educational level, health literacy, or English proficiency.
Conclusions
ATSM demonstrated modest potential for assessing self-reported medication adherence in a diverse, multilingual, low-income population with diabetes. Future studies should explore the potential for HIT platforms to evaluate the multiple dimensions of medication adherence, including the goals, values, beliefs, and concerns of diverse populations.
